We examined the effect of food quality on ingestion, digestion, and metabolic rate during pregnancy and lactation in Octodon degus, a precocial rodent, under laboratory conditions. We also examined standard energetics during reproduction in relation to litter size and litter mass. Resting metabolic rate increased significantly during lactation, and that increase resulted from variations in food quality. The highest increase (39%) in resting metabolic rate was found in lactating females maintained on high-quality food when compared with nonreproductive females. Although food intake was always higher during lactation, the maximum intake was observed among lactating females that were given high-quality food. A significant positive correlation also was found between resting metabolic rate and food intake during early lactation, which revealed an increase in energy processing during that demanding period. Significant positive relationships also were found between resting metabolic and ingestion rate relative to litter mass and size. Allocation of energy in O. degus during lactation did not follow the mode typical of precocial rodents. In contrast, conversion efficiency of metabolizable energy into tissue growth appears to be linked to environmental quality of food.
The study of life-history traits is central to evolutionary biology (Futuyma 1986; Hare and Murie 1992) . Specifically, mechanisms and processes underlying the maximization of resource investment into reproduction have been considered chief outcomes of natural selection (Roff 1992; Weiner 1987) . Many studies of mammalian reproductive energetics have confirmed the traditional view that ''reproduction is energetically the most demanding period of the life for a female mammal'' (Bronson 1989:47) . Specifically, energy expenditure during lactation is very high (Hayes et al. * Correspondent: fbozinov@genes.bio.puc.cl 1992; Kenagy 1987 Kenagy , 1989 McClure 1987; Millar 1979; Oftedal 1984a Oftedal , 1984b Sadleir 1984; Thompson 1992; Thompson and Nicoll 1986) . Energy expenditure during lactation varies within and between species depending on both life-history characteristics and environmental constraints (Künkele and Trillmich 1997; McClure 1987) . Consequently, environmental constraints associated with availability and quality of food during pregnancy and lactation may limit the acceleration in energy expenditure that occurs during reproduction, which may in turn negatively affect reproductive success of small mammals. Nevertheless, females use various compensatory mechanisms to cope with reproductive demands. For example, Mus musculus increases uptake of intestinal nutrients by increasing the mass of the intestinal mucosa during lactation (Hammond and Diamond 1992) . Theoretically, an upper limit may eventually be reached beyond which food intake cannot meet energy requirements because of physiological and structural constraints. In such case, individuals use different strategies that may affect survival and growth rate, including changes in the length of pregnancy and lactation and in litter size or body mass of young (Iverson et al. 1993; Mattingly and McClure 1985) . We examined reproductive energetics of the degu, Octodon degus (Octodontidae), during reproduction. We analyzed the interplay between proximate processes of energy acquisition and expenditure during reproduction and its likely life-history consequences.
In central Chile, with warm dry summers and cool wet winters, O. degus has a pattern of seasonal reproduction characterized by 2 peaks of parturition (early and late spring) and a nonreproductive period between summer and winter. The degu is a caviomorph rodent that undertakes a lengthy gestation of nearly 3 months, giving birth to relatively precocial young that require 3 weeks of suckling (Mann 1978; Morales 1982; Rojas et al. 1977) . O. degus is a diurnal herbivore that inhabits semiarid and Mediterranean environments of northern and central Chile, which may be affected by seasonal and spatial changes in quality and availability of food (Meserve et al. 1984) . Degues in captivity prefer high-quality food with low fiber and high nitrogen content (Bozinovic 1995) but are able to digest low-quality food with high fiber and low nitrogen content (Bozinovic 1995; Veloso and Bozinovic 1993) . In fact, degus are faced with the use of low-quality food for much of the year (Meserve et al. 1984; Zunino et al. 1992) . In the present study, we provided degues with low-quality (high fiber and low protein) and high-quality (low fiber and high protein) food. The experimental diets we use were ecologically relevant; degues shift diets seasonally because of seasonal change in food quality (Kenagy et al. 1999; Meserve et al. 1984; Zunino et al. 1992) .
Because food quality appears to determine reproductive performance of small mammals (McClure 1987) , we examined the effect of food quality on ingestion, digestion, and metabolic rate and the potential compensatory mechanisms associated with energy acquisition and expenditure during pregnancy and lactation and the effect of food quality on traits associated with life history, such as litter size and litter mass, and their relationships to energetics during reproduction.
MATERIALS AND METHODS
Animal capture and breeding and experimental treatments.-Experiments were carried out from May (autumn) to November (spring) in 1995-1996. Animals (38 females and 17 males) were captured with Sherman live traps in the area of Lampa, central Chile (33Њ17ЈS, 70Њ53ЈW at 490 m above mean sea level). Body mass of females was 184.3 g Ϯ 32.3 SD (range, 112.4-250.5 g) and that of males was 198.3 Ϯ 45.3 g (range, 143.0-314.3 g), without significant differences between sexes (t ϭ 1.302, P Ͼ 0.05). Animals caught during 1995 were separated by sex and placed in outdoor enclosures (1.0 by 0.6 by 1.5 m) with natural photoperiod and water and food ad lib. Animals were fed rabbit food pellet (high-quality food treatment ϭ low fiber and high protein). Animals used in 1996 were young of the animals captured the year before and were kept under the same conditions but were fed alfalfa food pellets (low-food quality food treatment ϭ high fiber and low protein). Table 1 shows the chemical analysis (Association of Official Analytical Chemists 1980) of the experimental diets.
During the breeding period, all females were placed in a new enclosure (1.6 by 1.6 by 2.0 m) and kept together with males for 5 days. After that, females were transported to an animal room and kept individually in plastic cages (25 by 15 by 10 cm) at 22.0ЊC Ϯ 3.0ЊC and photoperiod of 12-h light : 12-h dark during their 3 months of pregnancy and the 2 months after parturition with experimental food and water ad lib. The study included 15 pregnant females the 1st year and 9 pregnant females the 2nd year. Animals were fed high-quality food the 1st year and lowquality food the 2nd year. For energetic measurements during lactation, young were separated from their mothers and kept at 32.0ЊC Ϯ 2.0ЊC under an infrared lamp. Both experimental groups had similar pretreatment diets for a similar length of time before being placed on the low-or high-quality food.
Energetics and life-history traits.-Resting metabolic rate (RMR) was measured for 2 h in all females before breeding (T0), once during each of the 3 months of pregnancy (T1, T2, and T3), and twice (days 5 and 18) during lactation (T4A, T4B). We also measured RMR in females 20 days after young were separated from their mother (T5). Records of RMR were conducted at 28.0ЊC Ϯ 0.1ЊC in a 2-l metabolic chamber without nest material, within the thermoneutral zone of O. degus (Rosenmann 1977 ) and using a closed computerized respirometer based on the design of Morrison (1951) . The RMR values were obtained from the average of 2 minimum periods of each run lasting about 5 min. Carbon dioxide and water in the metabolic chamber were absorbed with barium hydroxide and calcium chloride. To transform oxygen consumption into energy units, we used 20.1 J/mlO 2 (Schmidt-Nielsen 1984) . During both years, we recorded energy-matter acquisition after RMR measurements. During T4B however, we recorded food intake and then RMR. That protocol was applied to avoid interference from food consumption by young. Females were kept in metabolic cages with metal trays underneath to collect feces. Water was provided ad lib. We conducted feeding trials during 3 consecutive days, offering the experimental food items ad lib. Each day we collected and weighed and leftover food after drying to constant weight at 60ЊC. Apparent digestibility (D) was calculated as [(Qi Ϫ Qe)/Qi] ϫ 100%, where Qi ϭ daily amount of food intake and Qe ϭ daily amount of feces production (Veloso and Bozinovic 1993) . Digestibility was apparent because that method underestimated digestive efficiency because of the contribution of metabolic wastes and nonreabsorbed secretions of the digestive system. We also examined the effect of food quality on litter size and litter mass during the 15 days after parturition when the young were still suckling. Young were weighed every 2 days.
Analysis.-Statistical analyses were performed using the STATISTICA (1997) statistical package for Windows 95. We used repeated analysis of variance followed by a posteriori Tukey tests. Correlation analyses were made with the Pearson's product-moment coefficient (Zar 1996) . All values are reported as mean Ϯ 1 SD.
RESULTS
Because we found significant differences in body mass during the reproductive cycle (Table 2) , RMR and food intakes values were standardized to metabolic body mass (body mass 0.75 ) according to Kleiber (1961; Racey and Speakman 1987) . RMRs of females were significantly higher during lactation (T4A, T4B) than during gestation (T1, T2, T3) and nonreproductive periods (T0, T5; Table 2 , Fig. 1a) . Females fed high-quality food had higher RMRs than did females fed low-quality food (Table 2) . A posteriori tests revealed that RMR at T4A for the high-quality food was significantly higher than that for the lowquality food (P ϭ 0.006). However, we found no difference between groups at T4B (P ϭ 0.287). The largest difference (39%) in RMR occurred during early lactation (T4A) in females fed high-quality food compared with females during the nonreproductive period (T0). Similar to RMR measurements, food intake was higher during lactation for both diet groups than during nonreproductive and gestation periods (Table 2; Fig. 1b) . However, maximum food intakes were observed with high-quality food during early (P ϭ 0.0002) and middle (P ϭ 0.003; Fig.  2 ) lactation. Apparent digestibility of dry matter was not affected by stage of reproduction or food quality (Table 2 ; Fig. 1c) . A positive correlation (r ϭ 0.69, P Ͻ 0.05) was found between RMR and food intake only during early lactation (Fig. 2) .
Correlations between RMR during early lactation and litter mass and between RMR and litter size at birth revealed positive associations (r ϭ 0.63 and 0.57, respectively; Ps Ͻ 0.05; Fig. 3) . We obtained the same pattern for the correlations between food intake during early lactation and litter mass and between food intake and litter size at birth (r ϭ 0.79 and 0.73, respectively; Ps Ͻ 0.05; Fig. 4 ).
DISCUSSION
Reproduction is energetically the most demanding period in the life cycle of a female mammal. Nevertheless, the energetic cost of reproduction varies widely at the inter-and intraspecific level because of the influence of factors such as food quality and energy needs (McClure 1987) . A small change in food quality affected the reproductive energetics of female O. degus. RMRs of these degus were fairly constant during gestation but not during lactation. That is, lactation but not gestation was the most energy-demanding period during the reproductive cycle of degus (König et al. 1988; Racey and Speakman 1987) . Therefore, environmental constraints on energy acquisition or expenditure should have a greater impact during lactation. At least 3 responses might be expected in mammals with high energetic demands (Racey and Speakman 1987) : an increase in food intake and digestive processing (e.g., Glazier 1985), use of energy stored in tissues (Millar and Hickling 1990) , and a decrease in the nonreproductive energy expenditure (compensatory adjustments, sensu Racey and Speakman 1987) . Weiner (1987) demonstrated that Siberian hamster (Phodopus sungorus) females FIG. 1.-a) Resting metabolic rate, b) food intake, and c) dry-matter digestibility during the reproductive cycle of Octodon degus females fed high-quality food (open circles) and lowquality food (solid circles). T0 ϭ before breeding; T1, T2, and T3 ϭ months of pregnancy; T4A and T4B ϭ early and middle lactation; T5 ϭ 20 days after weaning. Each data point represents the arithmetic mean Ϯ 1 SD.
FIG. 2.-Relationship between food intake
and resting metabolic rate during early lactation in Octodon degus females under conditions of low and high food quality. Pearson's productmoment correlation coefficient, P Ͻ 0.05. Symbols as in Fig. 1.   FIG. 3. -Relationship between a) litter mass and resting metabolic rate and b) litter size and resting metabolic rate during early lactation in Octodon degus females. Pearson's product-moment correlation coefficients, P Ͻ 0.05. Symbols as in Fig. 1. increased energy assimilation to satisfy requirements of young, but stored energy was used in an opportunistic fashion, depending on environmental conditions. We observed that O. degus increased its intake of food to compensate for the higher energy demands of lactation as compared with gestation or nonbreeding periods. Apparent digestibility was not affected by changes in the reproductive condition of females or by variations in food quality.
The positive association between food intake and metabolic rate during early lactation and the higher levels of food intake and metabolic rate recorded in females during this time may by associated with the increased rate of biosynthesis associated with milk production that characterizes mammalian lactation. Maximum rate of production occurs during early lactation. This situation differs from that in altricial rodents, where the maximum energy production occur during middle or late lactation (Künkele and Trillmich 1997) .
The fact that high-quality food increases metabolic rate in the degus during the nonreproductive period was demonstrated previously by Veloso and Bozinovic (1993) . As pointed out by Kenagy (1987) for small mammals, females in general allocate energy to reproduction almost exclusively by increasing food intake. Rogowitz and McClure (1995) also pointed out that food intake provides the primary source of energy for lactation. Thus, energy allocated to reproduction should be influenced by food quality and availability, because these variables appear to be important factors modulating the reproductive performance of small mammals.
The influence of maternal food intake and energy expenditure on reproductive performance (Figs. 3 and 4) also has been noted in the extremely precocial guinea pig, Cavia porcellus (Künkele and Trillmich 1997) . By comparing energetic cost of lactation and efficiency of conversion of metabolizable energy into tissue growth in the guinea pig with that of altricial rats, these authors concluded that energy expenditure of females during the entire breeding period was similar in precocial and altricial rodents. However, they noted that metabolic rate during lactation was slightly lower in the guinea pig. Künkele and Trillmich (1997) hypothesized that a more evenly distributed energy demand over the course of reproduction and lactation allows precocial rodents to reproduce under conditions of low food availability, whereas altricial rodents are forced to cease reproduction. The range of values in the efficiency of maternal production reported for altricial rodents is from 26% in Microtus pinetorum (Lochmiller et al. 1982) to 34% in Sigmodon hispidus (Randolph et al. 1977 ) and 38% in Rattus (Künkele and Kenagy 1997) . By estimating wet energy content of a young (7.34 kJ/g-Künkele and Trillmich 1997) and total increase in metabolizable energy intake of O. degus during lactation and pregnancy (3,395 and 2,662 kJ, respectively, for high-quality food and 2,643 and 2,537 kJ, respectively, for low-quality food-Veloso 1997), the efficiency of conversion of metabolizable energy into tissue growth varied between 25.8% and 35.6% for high-quality food between 12.1% and 14.4% for low-quality food.
O. degus experiences seasonal changes in habitat and quality of available food; thus, diets shift seasonally (Meserve et al. 1984; Zunino et al. 1992) . Positive correlations among food intake, RMR, and litter mass during early lactation and among food in-take, RMR, and litter size at birth as a function of food quality and the coupling of food quality with efficiency of conversion of metabolizable energy into tissue growth may explain variability in the reproductive pattern among populations of O. degus in environments with different productivities (Morales 1982; Rojas et al. 1977 
